The eifect of retrograde cardioplegia delivered through the right atrium on right ventricular performance has not been critically examined in humans. We randomized 20 patients with right coronary artery lesions to receive cold blood cardioplegia solution either retrograde through the right atrium (group 1, n= 10) or antegradely (group 2, n = 10). The patients were similar in age, sex, severity of coronary artery disease, cross-clamp time, and completeness of revascularization. Before operation, right ventricular function was assessed by radionuclide ventriculography, and 18-24 hours after operation, right ventricular volumes and performance were assessed at a constant-paced heart rate by simultaneous hemodynamic-radionuclide measurements, before and after a fluid challenge. Intraoperative right ventricular temperatures were not different between the groups. Right ventricular volumes and ejection fractions were not different at baseline. After operation, at similar heart rates and loading conditions, there was a trend for the antegrade group to increase right ventricular end-systolic volume (p<0. 
The eifect of retrograde cardioplegia delivered through the right atrium on right ventricular performance has not been critically examined in humans. We randomized 20 patients with right coronary artery lesions to receive cold blood cardioplegia solution either retrograde through the right atrium (group 1, n= 10) or antegradely (group 2, n = 10). The patients were similar in age, sex, severity of coronary artery disease, cross-clamp time, and completeness of revascularization. Before operation, right ventricular function was assessed by radionuclide ventriculography, and 18-24 hours after operation, right ventricular volumes and performance were assessed at a constant-paced heart rate by simultaneous hemodynamic-radionuclide measurements, before and after a fluid challenge. Intraoperative right ventricular temperatures were not different between the groups. Right ventricular volumes and ejection fractions were not different at baseline. After operation, at similar heart rates and loading conditions, there was a trend for the antegrade group to increase right ventricular end-systolic volume (p<0.1) whereas the retrograde group had no change in this parameter from the preoperative state. Postoperative ventricular function curves (p=NS, retrograde versus antegrade) suggest equivalent systolic performance in both groups. Right ventricular diastolic performance showed no significant diferences between the two groups, suggesting no detriment to Operative Techniques Induction and maintenance of anesthesia were achieved with fentanyl (75 ,ug/kg), pancuronium (100 ,ug/kg), lorazepam, and enflurane. Patients were ventilated with 100% oxygen. Ascending aortic and bicaval cannulae were used to establish cardiopulmonary bypass. The cavae were snared around the venous cannulae in all patients. Moderate systemic hypothermia (300 C) and hemodilution (20-25% hematocrit level) were maintained during cardiopulmonary bypass. The aortic root was routinely vented during the cross-clamp period. Topical hypothermia and multidose cold blood cardioplegia (4: 1 dilution, blood: cardioplegia) were used for myocardial protection in all patients. The cardioplegia solution was composed of 500 ml D5/0.2N saline, 34 ml citrate-phosphate-dextrose (CPD) solution, 29 ml tromethamine (0.3 M) buffer, and potas- sium. The potassium concentration of the initial infusate to induce asystole contained 30 ml (2 meq/ ml) added potassium to result in a final concentration in the blood cardioplegia mixture of 25 meq/l. (Figure 1 ).
An initial dose of high potassium cardioplegia (400-600 cc blood-crystalloid at 8-10°C) was given through the aortic root to achieve quick cardiac arrest. 24 The remainder of the first dose and the ensuing doses of low potassium cardioplegia were administered through the right atrium with the pulmonary artery clamped and the cavae snared ( Figure  1 technetium-99m (99mTc) after administration of intravenous stannous pyrophosphate. Serial-gated radionuclide ventriculograms were obtained with an Anger scintillation camera (Siemens Gammasonics, Chicago, Illinois) and a 250 slant-hole straight-bore collimator positioned in a modified left anterior oblique projection with 25°caudal angulation. The camera was positioned to maximize interventricular and right atrioventricular separation. Data acquisition was gated to the patient's electrocardiogram, with each cardiac cycle divided into 24 frames. Six to 10 million counts were obtained during an 8-minute acquisition period, with a 15% window centered at the 99mTc photopeak. Images were processed on a dedicated nuclear medicine computer in a 64 x 64 matrix.
During the postoperative study, each patient underwent one baseline scan with simultaneous hemodynamic measurements and thermodilution cardiac output determinations. At baseline and at all subsequent data points, pressure measurements and heart rate determinations were recorded during the first 2 minutes and last 2 minutes of each scan acquisition, with each pair of measurements averaged. Thermodilution cardiac output was determined as a mean of three measurements with less than 15% variation.
After baseline measurements and scan acquisition, the patients were atrially paced at 100 beats/min for 10 minutes. Repeat hemodynamic-radionuclide measurements were made during continued atrial pacing. Normal saline, 300-700 ml, was then infused to raise right atrial and pulmonary capillary wedge pressures 2-5 mm Hg. While the patient was still being atrially paced at 100 beats/min, repeat hemodynamicradionuclide measurements were performed. After repeat measurements, 300-700 ml additional normal saline was infused quickly to raise the mean pulmonary capillary wedge pressure and mean right atrial pressure an additional 2-5 mm Hg while a mean pulmonary capillary wedge pressure of <20 mm Hg was maintained. Repeat radionuclide and hemodynamic measurements were again performed.
Radionuclide Analysis
Radionuclide studies were analyzed with previously described methods.25-30 The right ventricular end-diastolic region was initially drawn on the enddiastolic frame. A summation of stroke volume and paradox images, which aided in delineating the right atrioventricular plane, was used to redraw the right ventricular region, if necessary. [25] [26] [27] 29 In drawing the right ventricular end-systolic region, the right atrioventricular separation was delineated based on examination of the end-systolic image and of an endless loop movie format display.25,27 Background was subtracted from end-diastolic and end-systolic regions with counts per pixel in a paraventricular background region26 at the end-systolic frame. We have validated this method for quantifying right ventricular function in patients with right ventricu-lar pressure overload, volume overload, and depressed systolic function. 25 Right ventricular ejection fractions were calculated as follows: ejection fraction=end-diastolic counts-end-systolic counts/end-diastolic counts.
Left ventricular analysis was performed with previously described methods.28,30 The left ventricular end-diastolic region was initially drawn on the end-diastolic frame, and background regions were defined by a previously described computer algorithm. 28 The left ventricular region was redrawn, if necessary, on an ejection fraction image, and background regions were redefined as before. Background was subtracted from the region of interest with average counts per pixel in the paraventricular background region at the end-systolic frame, and left ventricular ejection fraction was calculated in a similar fashion to the right ventricle.
Right ventricular end-diastolic volume index (RVEDVI) was calculated with the radionuclidederived right ventricular ejection fraction (RVEF) and thermodilution-determined stroke volume index (SVI) (cardiac index/heart rate): RVEDVI=SVI To compare postoperative right ventricular systolic and diastolic function in the two patient groups, we performed volume loading and examined the following relations at a constant (atrial)-paced heart rate of 100 beats/min: 1) right ventricular stroke volume index versus right ventricular end-diastolic volume index, 2) right ventricular stroke work index versus right ventricular end-diastolic volume index, 3) mean right atrial pressure versus right ventricular end-diastolic volume index, and 4) the natural logarithm of mean right atrial pressure versus right ventricular end-diastolic volume.
Postoperative Right Ventricular Systolic Function
Examination of the ventricular function curves revealed the retrograde curves to lie leftward and upward from the antegrade curves although this shift was not significant (p=0.35 for right ventricular stroke volume index versus right ventricular end-diastolic volume index; p=0.47 for right ventricular stroke work index versus right ventricular end-diastolic volume index).
Postoperative Right Ventricular Diastolic Function
Postoperative diastolic function was assessed by examining the relation between mean right atrial pressure and the natural logarithm of mean right atrial pressure versus right ventricular end-diastolic volume index ( Figure 4) . As can be seen in Figure  4A , there was no significant difference (p=NS) in right ventricular chamber stiffness between the groups. Comparison of slopes of the line defined by the relation of the natural logarithm of mean right atrial pressure versus right ventricular end-diastolic volume index ( Figure 4B ) revealed no significant differences. Previous investigators have shown that the slope of this relation is directly proportional to chamber stiffness.3'
Postoperative Left Ventricular Function
Postoperative assessment of left ventricular function was likewise studied and has been previously reported in detail. 21 The mean left ventricular ejection fraction for the retrograde group increased from 0.50+0.07 to 0.58+0.10 (p<0.01), whereas it did not change for the antegrade group (from Comparative changes between preoperative and postoperative assessment revealed a trend toward an increase in right ventricular end-systolic volume in the antegrade group whereas the retrograde group had no significant change in this parameter ( Figure  3 and Table 2 ). However, analysis between groups revealed no significant difference. Such a trend may have been more prominent had we randomized a larger number of patients, but it does at least support the hypothesis that retrograde cardioplegia preserves right ventricular systolic function at least as well as the antegrade technique and may be slightly superior.
The increase in right ventricular end-diastolic volume index in the antegrade group may represent either a Frank-Starling increase in preload to compensate for some degree of systolic dysfunction (i.e., an increase in end-systolic volume) due to inadequate protection or a preferential reduction in diastolic chamber stiffness in the antegrade group due to resolved preoperative ischemia or both. The retrograde group had no significant change in postoperative right ventricular end-diastolic volume and had an equivalent postoperative right ventricular end-diastolic volume to the antegrade group at a similar right atrial pressure. This suggests no difference in postoperative right ventricular chamber stiffness despite the use of the retrograde technique.
Postoperative Right Ventricular Systolic Function Assessment
Examination of the ventricular function curves for the two groups revealed a leftward and upward shift of the retrograde curve when compared with the antegrade curve although this shift was not significant. Thus, retrograde delivery of cardioplegia resulted in postoperative right ventricular systolic function, which was just as good if not better than standard antegrade delivery.
Postoperative Right Ventricular Diastolic Function Assessment
Evaluation of the relation between right atrial pressure and right ventricular end-diastolic volume index can be seen in Figure 4A . There were no significant differences after the operation between the antegrade and retrograde groups despite mild right ventricular distension during the operation in the latter group. This suggests no postoperative difference in chamber stiffness between groups 1 and 2. The relation of the natural logarithm of right ventricular end-diastolic pressure to right ventricular end-diastolic volume index is linear, with the slope (k) representing myocardial chamber stiffness. 31 We analyzed a similar relation, assuming right ventricular end-diastolic pressure to be reflected by mean right atrial pressure ( Figure 4B ). Linear regression analysis of the slope of this line for patients in both groups revealed no significant differences between the mean slopes (p=NS). Thus, despite mild right ventricular distension due to cardioplegia infusion, retrograde delivery of cardioplegia through the right atrium does not result in right ventricular diastolic impairment when a mean infusing pressure of less than 40 mm Hg is used with care to not overdistend.
Efficacy of Retrograde Delivery of Cardioplegia
Inadequate perfusion of regional myocardium beyond obstructed coronary arteries with inadequate cooling of the right ventricle is a known consequence of antegrade delivery and may result in postoperative right ventricular dysfunction or death or both.1-4 Clinical studies with temperature mapping by thermographic analysis have shown more uniform ventricular cooling with retrograde coronary sinus delivery when compared with the standard antegrade technique.32 As can be seen in Figure 2 , the right ventricle was not significantly cooler in the retrograde group than in the antegrade group. Because temperatures were measured in only one area in both ventricles, it is not known in these patients whether the retrograde technique produced more uniform cooling of the right ventricle. However, superior uniformity of cooling is the best explanation for the well-preserved postoperative left ventricular systolic function in the retrograde group.21 Measurement of temperatures in other areas of the right and left ventricles theoretically may have revealed significantly warmer temperatures in the antegrade group, especially in the left ventricle. No patient in either group was difficult to cool although the theoretical advantage of retroperfusion may be accentuated in situations where antegrade delivery is inhibited, such as severe left main coronary artery disease or repeat coronary artery bypass operation.
Direct Versus Indirect Retrograde Infusion
Despite the theoretical benefits of performing retrograde infusion of cold cardioplegia, the technique of direct coronary sinus cannulation can be cumbersome, requiring an atriotomy and special coronary sinus catheters. This new indirect technique, described by Fabiani and associates,13 and used in the patients participating in this study, has some significant benefits over direct coronary sinus cannulation. First, this technique requires no atriotomy, thus reducing operative time and possibly reducing postoperative arrhythmias. Second, direct cannulation of the coronary sinus may result in damage to the atrioventricular node or coronary sinus itself.'8 The technique presented herein obviates the need for direct sinus cannulation and, thus, removes the danger of injuring these structures. Third, there is concern that right ventricular free wall and part of the interventricular septum may be inadequately protected by direct cannulation of the coronary sinus due to the anatomic patterns of venous drainage of these structures19 and obstruction of proximal coronary veins by the coronary sinus balloon catheter.17 Direct infusion of the cold cardioplegia solution into the right atrium and ventricle ensures adequate cooling of the right ventricle directly while providing adequate cooling of the left ventricle.
Previous investigators23 have suggested that this method does not provide as much myocardial protection as continuous retrograde coronary sinus cardioplegia. Several important differences exist between these findings and ours. First, our study was performed in humans and not in dogs. Second, we gave one dose of high potassium antegrade cardioplegia to induce quick cardiac arrest and avoid ischemia whereas in the canine study, ventricular fibrillation and incomplete cardiac arrest were present in the atrial cardioplegia group throughout the period of cross-clamping. Third, the canine study examined ventricular function very early after operation, whereas we waited 18-24 hours after operation to assess performance. It has been well documented that there is myocardial depression and an increase in the ratio of myocardial oxygen extraction to cardiac work after operation, an effect which is probably due to either stunned, ischemic cardiac tissue, ultrastructural damage, accumulation of inhibitors, or a loss of adenine nucleotides. 33, 34 However, this effect has been documented to be mostly resolved 24 hours after operation.33 Thus, we studied patients only after a sufficient amount of time had passed to allow resolution of the acute ischemic changes associated with bypass surgery. Fourth, the authors of the canine study23 claimed they had difficulty reducing right ventricular myocardial temperatures below 160 C. We were easily able to cool the right ventricle to 15°C with this technique; we did not cool it below this temperature since our protocol for myocardial protection does not require temperatures below this. The authors of the canine study report poor recovery of right ventricular function, which they felt was due to right ventricular distension. As is shown by our data, mild distension of the right ventricle by the use of this technique does not result in severe systolic or diastolic dysfunction although we used great care to maintain low maximal right ventricular perfusion pressures and did not allow a large amount of distension. As in the canine study,23 the use of this technique resulted in adequate left ventricular protection21 as shown by a reduction in postoperative left ventricular end-systolic volume index only in the retrograde group (at similar postoperative afterloads) and an increase in left ventricular ejection fraction only in the retrograde group.
Limitations to the Study
The major limitation to this study was the difficulty in evaluating right ventricular volumes. The radionuclide method used to evaluate ejection fraction has previously been validated in our laboratory24 and has been shown to be reproducible. However, the errors in making three independent measurements (right ventricular ejection fraction, thermodilution cardiac output, and heart rate) can result in some error of measurement. Although we eliminated any patients with evidence of regurgitant lesions, some occult tricuspid insufficiency may have been present.
The design of our study did not allow for a preoperative hemodynamic-radionuclide study. A radionuclide evaluation alone was done for patient comfort. Thus, we cannot discount the possibility that discrepant loading conditions could have been present in the baseline state. However, with similar ejection fractions and volumes in the two groups in a blind and randomized trial, it is most unlikely that severe discrepancies existed. In addition, there was more scatter in the baseline volume data than anticipated before our commitment to randomize 20 patients. Thus, larger studies are warranted to confirm our findings.
The assessment of diastolic chamber stiffness in the clinical setting often has significant limitations. 35 Ideally, measurement of multiple pressure-volume points would permit normalization of chamber volumes and calculation of V(dP/dV) at common pressures. However, the application of such a calculation permits the comparison of ventricles with discrepant volumes. In this study, normalization for different chamber volumes is not necessary because both groups had diastolic chamber volumes that were not significantly different.
In addition, we cannot rule out the possibility that a slight upward parallel shift in the relation of the natural logarithm of mean right atrial pressure to right ventricular end-diastolic volume suggests a mild increase in chamber stiffness in the retrograde group, even in the presence of equivalent slopes (k). However, as the slope (k) and intercepts of the two groups were not significantly different, it is doubtful that such a shift is meaningful.
It is also possible that the presence of a pericardiotomy in all patients obscured an effect of right ventricular distension on diastolic chamber stiffness in the retrograde group. However, such an effect would not be considered clinically relevant because all bypass patients undergo pericardiotomy and should be studied in the state that is most clinically applicable.
In addition, this study does not allow a complete resolution to the question of whether right ventricular distension per se is deleterious to postoperative right ventricular function. For this comparison, a study design comparing coronary sinus with right atrial cardioplegia administration would have been more appropriate. However, our intent was not to compare methods of retrograde delivery but rather to compare the current standard technique of antegrade cardioplegia delivery with one of the two retrograde techniques currently in use. We chose this method of retrograde delivery for its advantages of direct right ventricular cooling and reduced incidence of coronary sinus damage and of heart block. 13, 14, 18 In addition, a recent animal study36 at our institution has compared right ventricular systolic performance after right atrial retrograde, coronary sinus, and aortic root cardioplegia delivery. This animal study has shown that right ventricular distension is not detrimental to systolic performance and better preserves the right ventricle when compared with the other methods of cardioplegia delivery.
Summary
We randomized 20 consecutive patients to receive either retrograde delivery of cardioplegia through the right atrium or standard antegrade delivery.
Postoperative assessment of both groups revealed an increase in right ventricular end-diastolic and to a lesser degree end-systolic volume only in the antegrade group at similar postoperative loading conditions to the retrograde group. Analysis of ventricular function curves after operation suggested as good, if not slightly better, systolic performance as in the retrograde group. Analysis of diastolic performance revealed no significant difference between the groups. Left ventricular protection was excellent with the retrograde technique. These facts suggest that myocardial protection, especially in the right ventricle, was at least as good or better than that in the antegrade group and right ventricular distension and microscopic injury, which has previously been reported, is not clinically a significant concern when this technique is used. This technique may be advantageous 1) when antegrade delivery results in insufficient ventricular cooling because of a tight left main coronary artery lesion or severe three vessel coronary artery disease and especially when repeat bypass operations are performed, 2) as an alternative to direct coronary artery ostial cannulation for aortic valve procedures or in patients with aortic insufficiency, and 3) for mitral valve operations where repeated doses of antegrade cardioplegia could result in coronary air embolism and necessitate the removal of air from the aortic root.
Larger trials, studying patients with severe three vessel or left main coronary artery disease or with valvular heart disease, need to be conducted.
